Understanding the evolution of regional and hemispheric asymmetries in the early stages of life is essential to the advancement of developmental neuroscience. By using 2 noninvasive optical methods, frequency-domain near-infrared spectroscopy and diffuse correlation spectroscopy, we measured cerebral hemoglobin oxygenation (SO 2 ), blood volume (CBV), an index of cerebral blood flow (CBF i ), and the metabolic rate of oxygen (CMRO 2i ) in the frontal, temporal, and parietal regions of 70 premature and term newborns. In concordance with results obtained using more invasive imaging modalities, we verified both hemodynamic (CBV, CBF i , and SO 2 ) and metabolic (CMRO 2i ) parameters were greater in the temporal and parietal regions than in the frontal region and that these differences increased with age. In addition, we found that most parameters were significantly greater in the right hemisphere than in the left. Finally, in comparing age-matched males and females, we found that males had higher CBF i in most cortical regions, higher CMRO 2i in the frontal region, and more prominent right--left CBF i asymmetry. These results reveal, for the first time, that we can detect regional and hemispheric asymmetries in newborns using noninvasive optical techniques. Such a bedside screening tool may facilitate early detection of abnormalities and delays in maturation of specific cortical areas.
Introduction
The adult cerebral cortex is highly variable across regions in both volume and sulcal depth and is asymmetric in both anatomical and functional aspects . Regional differences are present in adults, with brain volume in the frontal region greater than in the temporal, parietal, and occipital regions (Giedd et al. 1999) . Males have larger brain volumes than females (Goldstein et al. 2001 ) but lower cerebral metabolism and blood flow (Baxter et al. 1987; Rodriguez et al. 1988; Gur RE and Gur RC 1990) . The left hemisphere is typically dominant for language, handedness, and logical processing, while the right hemisphere is dominant for visuospatial processing, emotional perception, and musical ability (Sperry 1984; Borod 1992 ). Anatomical differences on magnetic resonance imaging (MRI) match this functional lateralization, with the sylvian fissure near the planum temporale generally deeper in the left than in the right hemisphere (Van Essen 2005) and the superior temporal sulcus distinctly deeper in the right than in the left. The right hemisphere is larger than the left in frontal, temporal, and parietal regions (Lancaster et al. 2003) ; the only exception is the occipital region, which is larger in the left than in the right hemisphere.
Several researchers have searched for the presence of anatomical and functional regional and hemispheric asymmetries in newborns, to determine whether such differences exist at birth. Regional differences in infants have been investigated using positron emission tomography (PET) and structural MRI. PET studies (Chugani et al. 1987; Kinnala et al. 1996; Chugani 1998) have shown that glucose uptake in the newborn brain is highest in the sensorimotor cortex with increases in parietal, temporal, and occipital regions during the first 3 months of life, consistent with improved function of visuospatial and visuosensorimotor integration at this age. Glucose uptake in the frontal cortex appears much later, at around 8 months of age. In agreement with glucose metabolism, synaptic density counts on ex vivo brain tissue show similar regional differences, with the auditory and parietal cortices reaching their highest level at age 3 months, whereas synapses in the prefrontal cortex continue to grow until 15 months of age (Huttenlocher and Dabholkar 1997) . These functional regional differences are matched by anatomical differences as shown by recent structural MRI studies that report greater gray matter growth in the occipital and parietal regions than in the prefrontal region in newborns (Gilmore et al. 2007; Tzarouchi et al. 2009 ).
While regional differences between frontal and temporal--parietal regions are large and verified across modalities, left--right hemispheric asymmetries in infants are more subtle, and results are not always in agreement. Hemispheric anatomical asymmetries of the fetal and premature cortex were first observed in postmortem studies, with the discovery that certain areas of the right hemisphere mature more quickly than corresponding areas in the left (Chi et al. 1977; Kretschmann et al. 1986; de Schonen and Mathivet 1989; Simonds and Scheibel 1989) . While recent technological progress has allowed for the study of less compromised brains, confirmation of these early postmortem studies is not always convincing, with more recent MRI studies finding left--right hemispheric asymmetries in infants to be region specific (Tzarouchi et al. 2009; Dubois et al. 2010) . In fact, contradictory results have been reported as to the size of left and right hemispheres. A larger left hemisphere has been observed on diagnostic ultrasound images in fetuses (Hering-Hanit et al. 2001 ) and on structural MRI volumetric images in newborns (Gilmore et al. 2007) . A larger right hemisphere has been reported with ex vivo computed tomography scan in fetuses (de Schonen and Deruelle 1991) and with structural MRI in infants of different ages (Utsunomiya et al. 1999; Matsuzawa et al. 2001) . Moreover, maturational differences have been reported within specific regions in the 2 hemispheres. For instance, while the superior temporal sulcus develops earlier in the right than in the left hemisphere (Dubois et al. 2008; Hill et al. 2010) , the Broca's area and the planum temporale develop earlier in the left than in the right (Dubois et al. 2010) . These areas, in addition to anatomical maturation, present early functional lateralization, with the right superior temporal sulcus specialized for the identification of faces and sounds (de Schonen and Deruelle 1991; Mento et al. 2010 ) and the Broca's area specialized for language processing (DehaeneLambertz et al. 2002; Pen˜a et al. 2003) .
Cortical asymmetry may also be influenced by genetic makeup (Annett 2002) , as suggested by the differences in gene expression levels between the left and right hemispheres in human embryos (Sun et al. 2005 (Sun et al. , 2006 . In particular, the higher expression of the transcription factor Lim Domain Only 4 (LMO4) in the right than in the left hemisphere may reflect either a differing topographic mapping in the 2 hemispheres or a difference in the time of cortical development, with the right hemisphere developing earlier than the left (Sun et al. 2005) .
A few studies have reported sexual dimorphisms in infants, with males having larger cortical gray matter, white matter, and intracranial volume than females (Gilmore et al. 2007) . Morphological hemispheric asymmetries between genders are not consistent with larger right--left brain volume asymmetry in females (Hering-Hanit et al. 2001) but are in accord with larger striate--extrastriate cortical volume asymmetry in males (De Lacoste et al. 1991) .
These studies highlight the importance of characterizing regional and functional maturation during development, especially since a number of developmental disorders seem to be related to the abnormal development of the human cerebral cortex. In fact, abnormalities of cerebral cortical asymmetry and delays in maturation of specific cortical areas have been reported in neuropsychiatric disorders, such as schizophrenia, autism, and dyslexia (Falkai et al. 1992; Galaburda et al. 1994; Herbert et al. 2005) .
Studies of brain development in large populations of neonates have not been performed because volumetric analysis of newborn brain MRIs is time intensive if small structures or regional segmentations are needed (Nishida et al. 2006) . PET and single-photon emission computed tomography (SPECT) can be performed only on sick infants when clinically necessary, due to the radiation exposure required for these techniques. Electroencephalography or functional MRI functional studies yield information only on specifically stimulated cortical areas. In contrast, frequency-domain near-infrared spectroscopy (FDNIRS) and diffuse correlation spectroscopy (DCS) are noninvasive optical modalities that can measure cerebral vascular parameters, such as hemoglobin oxygenation (SO 2 ), blood volume (CBV), an index of cerebral blood flow (CBF i ), and an index of the cerebral metabolic rate of oxygen (CMRO 2i ) in infants (Franceschini et al. 2007; Roche-Labarbe et al. 2010) . NIRS and DCS are particularly suitable in the neonatal population because they offer safe repeatable measurements at the bedside (Wolf and Greisen 2009) and take advantage of the infant's thin skull to measure cerebral hemoglobin parameters more accurately than could be done in adults . Moreover, regional and hemispheric maturation can be assessed more directly by estimating cerebral oxygen metabolism than by analysis of the size and depth of the cerebral cortex, by the response to a specific stimulation paradigm, or by the vascular development alone. Because FDNIRS and DCS use nonionizing radiation and can be performed at the bedside, a large population study in preterm infants is ethically feasible.
In a previous paper, we used FDNIRS and DCS to demonstrate that we can measure increases in CMRO 2i and CBF i with postmenstrual age (PMA) . Here, we test if we can measure regional and hemispheric differences in hemodynamic parameters and oxygen metabolism in the preterm and term infant cortex and determine whether these differences are influenced by gender and/or PMA.
Materials and Methods

Subjects
In this study, we recruited 55 preterm and 15 full-term neonates from the neonatal intensive care units and general nurseries of the Massachusetts General Hospital, Brigham and Women's Hospital, and Children's Hospital Boston between April 2008 and January 2011. We excluded infants with any of the following: germinal matrix hemorrhage (GMH) grade II or higher, intraventricular hemorrhage, parenchymal brain abnormalities on head ultrasound (HUS) or MRI, and 5-min Apgar < 7. We included 4 premature infants with small unilateral or bilateral germinal matrix bleeds (grade I) (infants 17, 19, 23, and 40 in Roche-Labarbe et al. (2011) ), which returned to normal according to HUS scans. The general clinical characteristics of the subjects are listed in Table 1 . The clinical summary for preterm infants is described in Roche-Labarbe et al. (2011) (infant 43 is excluded in this study because of bilateral germinal matrix and grade II intraventricular hemorrhage, and infant 42 because of 5-min Apgar of 5 due to lung prematurity). Infants were measured every 1--2 weeks during their hospital stay for a total of 244 measurements. The protocol was approved by our Institutional Review Board, and informed consent was obtained from all parents/guardians.
Instrumentation
We used a customized FDNIRS system (ISS Inc., Champaign, IL) to measure SO 2 and CBV and a custom-built DCS system, similar to that developed by Drs Arjun Yodh and Turgut Durduran at the University of Pennsylvania (Cheung et al. 2001; Durduran et al. 2004) , to estimate CBF i . Technical details of the FDNIRS and DCS systems are described in Roche-Labarbe et al. (2010) . In brief, the FDNIRS consisted of 16 laser sources divided into 2 identical groups of 8 lasers at different wavelengths in the near infrared, ranging from 660 to 830 nm, and 2 photomultiplier tube detectors. Sources and detectors were coupled to fiber optics bundles (2.5 mm diameter) and arranged in a row on a black rubber probe (5 3 2 3 1 cm 3 ) with source--detector distances of 1, 1.5, 2, and 2.5 cm for infants <37 weeks PMA and 1.5, 2, 2.5, and 3 cm for infants >37 weeks PMA (Fig. 1a) . These distances are optimized for measuring neonatal cerebral cortex . The DCS consisted of one long coherence length laser source of 785 nm and 4 photon-counting avalanche photodiodes used as detectors. The DCS laser (50 mW power) was coupled to a 62-lm diameter multimode fiber, and the detectors were coupled to 5.6-lm diameter single-mode optical fibers. Source and detector fibers were arranged on the probe in a row parallel to the FDNIRS fibers with source--detector distances of 1.5 (1 detector) and 2 cm (3 detectors). The intensity autocorrelation function of each detector channel was computed by a digital correlator (Correlator.com, Bridgewater, NJ), and an autocorrelation curve over a delay time range of 200 ns to 0.5 s was acquired sequentially. In this study, only the DCS signals from the 3 detectors with a 2 cm separation were used for data analysis.
Measurement Protocol
Infants were measured at the bedside while resting between feeds. FDNIRS and DCS measurements were obtained in sequence from up to 7 locations (Fp1, FpZ, FP2, C3, C4, P3, P4, according to the 10--20 system; Fig. 1b ) to cover the frontal, temporal, and parietal cortical regions. The optical probe was held in each location for 10--16 s of data acquisition (Fig. 1c) . Measurements with each instrument were repeated up to 3 times in each location. Repositioning the probe in a slightly different area compensated for local inhomogeneities such as hair and superficial large vessels in order to ensure that the measurement was representative of the underlying brain region. The total examination time was 30--45 min. Our decision to measure each location multiple times and the logistical need to keep the measurement time below 45 min prevented us from measuring more cerebral regions, such as the occipital area. Arterial oxygenation (SaO 2 ) was obtained from routine pulse oximeter monitors during the measurement session.
Data Analysis
The FDNIRS method used for SO 2 and CBV quantification relies on measurements of the attenuation of radio frequency (110 MHz) modulated light at several wavelengths. Light attenuation by biological tissues reflects contributions from both light absorption and scattering. By measuring not just light intensity attenuation but also phase delays at multiple distances, we can separate scattering and absorption coefficients, and from the absorption at multiple wavelengths, we can quantify hemoglobin concentration (Fantini et al. 1994) . The accuracy of the FDNIRS method in recovering optical properties and hemoglobin parameters has been extensively tested in the past 18 years in both phantoms (Fishkin et al. 1995; Pogue et al. 2000) and animals (Hueber et al. 2001; Nelson et al. 2006 ) and has been validated and applied in humans (De Blasi et al. 1995; Franceschini et al. 1997; Choi et al. 2004; Zhao et al. 2005; Petrova and Mehta 2010) . DCS measures microvascular blood flow in deep tissue by quantifying the temporal intensity fluctuations of multiply scattered light that arise from Doppler shifts produced by moving red blood cells. The technique, introduced in the late 1990s (Boas et al. 1995) , is similar to laser Doppler blood flowmetry (i.e., they are Fourier transform analogs), but light transmission through thick tissue results in low light levels that require photon counting detection techniques. Thus, DCS measures an autocorrelation function of the intensity fluctuations rather than a power spectrum. Blood flow changes measured with DCS have been extensively validated against other techniques in animal and human studies (Yu et al. 2005; Zhou et al. 2009; Carp et al. 2010; Durduran et al. 2010; Kim et al. 2010 ). More recently, our group and others have conducted animal and human (Yu et al. 2007; Buckley et al. 2009; Roche-Labarbe et al. 2010 ) validation studies to show how DCS provides an absolute number that scales with blood flow. By combining the FDNIRS measure of SO 2 and the DCS measure of a CBF i , we can estimate CMRO 2i , as described in Roche-Labarbe et al. (2010) .
FDNIRS and DCS raw data were post-processed using our standard automated data analysis tools developed in-house using MATLAB. For each subject, each measurement session, and each location, absorption coefficients measured with the FDNIRS were used to calculate both hemoglobin concentrations and blood flow index (Roche-Labarbe et al. 2010 ). An average of the scattering coefficients across the whole population was used in the calculations of CBF i . The software also included data quality assessment and data rejection based on previously established statistical criteria (Roche-Labarbe et al. 2010) . From the repeated measures in each location, we verified that reproducibility was consistent with previously reported values (Roche-Labarbe et al. 2010) . Across all infants and all locations, we found the following coefficient of variation (standard deviation [SD]/mean): 4% for SO 2 , 10% for hemoglobin concentration, and 13% for CBF i .
To investigate regional differences, parietal (P) values were obtained by averaging left and right parietal data, temporal (T) values were obtained by averaging left and right temporal data, and frontal (F) values were obtained by averaging middle, left, and right frontal data. To investigate hemispheric asymmetries, left hemisphere (L) values were obtained by averaging left temporal and parietal data, while right hemisphere (R) values were obtained by averaging right temporal and parietal data. We also compared all possible combinations of single locations to verify the consistency of the findings.
For the paired comparisons, we included subsets of the 70 infants and 244 sessions available that contained data points in the 2 locations compared. In 17% of the sessions, we did not acquire data in a complete set of 7 locations. Moreover, 34% of the FDNIRS measurements and 28% of the DCS measurements did not pass the data quality criteria. This left us with a total of 886 data points with estimated CMRO 2i (CMRO 2i is the parameter with the lowest number of data points being a combination of FDNIRS and DCS data), and an average of 103 ± 33 CMRO 2i paired points for the various comparisons. Using all of the available points led us to paired comparisons that included different infants and different numbers of data points. To ensure consistency, we ran paired comparisons in a complete subset of 36 measurement sessions from 21 infants for which we had all data points for all measured parameters in each location. In both cases-inclusion of all available data points or a complete subset-we performed paired t-tests for paired measurements (i.e., temporal vs. frontal, parietal vs. frontal, temporal vs. parietal, and left vs. right) in order to assess statistical significance of regional and hemispheric differences in each measured parameter.
To test the effect of PMA, we divided infants into 3 groups ( <32, 32--36, and >36 weeks PMA) and performed factorial analysis of variance (ANOVA) to determine whether regional or hemispheric asymmetry was different as a function of PMA. We performed post hoc Bonferroni tests when the ANOVA showed significance.
For gender differences, we selected 22 age-and GA-matched males and females (Supplementary Table 1S ) and performed t-tests for independent measurements to determine whether the vascular and metabolic parameters and regional and hemispheric asymmetries were significantly different between males and females.
We observed that in 161 measurement sessions (68% of the sessions), infants were lying on their right side at presentation and were turned on the other side to complete measurements on all head locations. Infants began on their left side in only 32% of the measurements. Because of this large difference, we tested whether the side at presentation affected our findings. We divided the measurement sessions according to the side at presentation and compared each parameter between the 2 groups using a student t-test.
The statistical significance was set to P < 0.05 for all of the tests.
Results
The scatterplots in Figure 2 show the regional and hemispheric differences in CBF i , SO 2 , CBV, and CMRO 2i , including all available data points (the mean and SD of the measured parameters are listed in Supplementary Table 3S) . Table 2 summarizes the regional and hemispheric comparison results by reporting percent differences and statistical significance. For the regional comparison, all measured parameters are greater in the temporal and parietal regions than in the frontal region. The largest differences are observed in CBF i , which is 32% larger in the temporal than in the frontal region and 25% larger in the parietal than in the frontal region. The smallest differences, though still significant, are observed in SO 2 , which Figure 2 . Scatterplots of CBF i , SO 2 , CBV, and CMRO 2i (row top to bottom) for temporal versus frontal, parietal versus frontal, and temporal versus parietal regions and right versus left hemispheres (columns left to right). The diagonal line marks the zero difference. 
The number represents the percent difference between 2 regions; ** indicates P \ 0.01; *** indicates P \ 0.001.
is only 2--5% larger in the temporal and parietal than in the frontal region. We also observed significant differences in the vascular parameters between the temporal and parietal regions, with CBF i (10%), SO 2 (3%), and CBV (10%) larger in the temporal region than in the parietal region. In contrast, CMRO 2i did not differ between the temporal and parietal regions. For the hemispheric asymmetry analysis, CBF i (10%), CBV (7%), and CMRO 2i (9%) are significantly larger in the right hemisphere than in the left.
We also performed paired analysis on the complete subset of 36 measurement sessions. The mean and SD of the measured parameters from the complete subset are listed in Table 3 . The findings of regional difference and hemispheric asymmetry findings of this subset are consistent with those in the set including all available measurements, further validating the results (see Supplementary Table 2S that summarizes the regional and hemispheric comparison results for the complete subset group).
The paired comparisons derived from comparing each of the 7 locations also confirmed the general trends revealed by the regional and hemispheric analysis. In some cases, statistical significance was not reached because of the lower number of measurements points when using single locations. For instance, CMRO 2i is larger in the right than in the left hemisphere, but while it reaches statistical significance in the parietal region (RP > LP 14%, P < 0.001), it does not reach significance in the temporal and frontal regions (RT > LT 4%, P = 0.6, and RF > LF 3%, P = 0.3).
The paired analysis of 21 measurements sessions from 4 infants with grade I germinal matrix bleeds showed the same regional and hemispheric asymmetries.
Blood flow and blood volume differences between the temporal and frontal and between the parietal and frontal regions increased with PMA and chronological age. Hemoglobin oxygenation differences between the temporal and parietal regions were significantly larger in the >36 weeks PMA group than in the 32--36 weeks PMA group. For CMRO 2i , differences between regions did not increase with PMA. Also, for all parameters, no significant changes with PMA were observed in the differences between left and right hemispheres. Figure 3 shows the differences with PMA results in the cases where the post hoc test reached significance.
There is also evidence of sexual dimorphism in newborns. Males had significantly higher CBF i in most of the regions and significantly larger CMRO 2i in the frontal region compared with GA-and age-matched females (Fig. 4) . Moreover, CBF i showed a more prominent right--left asymmetry (P = 0.001) in males than in females.
As for the side on which infants were lying at presentation, results showed no significant differences, with right hemisphere parameters larger than left independent of the side at presentation. This observation confirmed that the hemispheric asymmetry is not influenced by the side at presentation.
Discussion
For the first time, we were able to show regional and hemispheric differences in hemodynamic (SO 2 , CBV, and CBF i ) and oxygen metabolism (CMRO 2i ) in the neonatal cerebral cortex using FDNIRS and DCS.
We found that all hemodynamic parameters and oxygen metabolism significantly were higher in the temporal and parietal cortical regions than in the frontal region in premature and term infants. The regional differences in oxygen metabolism are consistent with fluorodeoxyglucose PET findings that the primary sensory areas exhibit the highest glucose uptake in newborns (Chugani et al. 1987; Kinnala et al. 1996; Chugani 1998 ). Based on these PET studies, glucose utilization increases in the frontal cortex only between the ages of 6 and 12 months. In addition, the higher cerebral blood volume and blood flow in the temporal and parietal regions than in the frontal region are consistent with findings from previous NIRS studies (Keel et al. 1999) and SPECT (Younkin et al. 1988; Chiron et al. 1992; Børch and Greisen 1998) . Using a simple NIRS system to measure 10 premature infants, Keel et al. (1999) found that hemoglobin concentration increased 40--50% from the frontal to lateral regions. Børch and Greisen (1998) used SPECT to measure blood flow in 12 preterm infants and found higher flow in the motor area than in the frontal and occipital areas. Chiron et al. (1992) measured regional cerebral blood flow with SPECT in 42 children between 2 days and 19 years old. Cerebral blood flow was lower at birth than in adults, and the time needed to reach adult values differed for each cortical region. The shortest time was in the primary cortex and the longest in the associative cortex. They concluded that changes in blood flow, like changes in metabolism, should be related to development of cognitive functions of the corresponding region. The regional differences we measured in hemodynamic and oxygen metabolism in premature and term infants are consistent with cognitive, behavioral, and functional developmental differences (Zeanah et al. 2008 ) but also with finding related to dendritic and axonal growth (Schade and Van Groenigen 1961) , white matter myelination (Ferrie et al. 1999 ), brain morphology, and synaptogenesis, all of which start in primary sensory areas and evolve with age to the prefrontal cortex.
We also found hemoglobin oxygenation differences between the temporal--parietal and frontal regions, with higher SO 2 in areas of higher functional activity. These differences, even if significant, were small, in agreement with our previous findings of smaller variance in SO 2 with age and disease than in CBV, CBF i , and CMRO 2 (Takahashi et al. 1999; Franceschini et al. 2007; Grant et al. 2009; Boas and Franceschini 2011) .
The differences between the temporal--parietal and frontal regions seemed to increase with PMA, with larger differences in infants >36 weeks PMA than in infants <32 weeks PMA. This was consistent with the results of Huttenlocher and Dabholkar (1997) , which showed that synaptic density increases more rapidly in the auditory cortex, where the synapse number peaks at 3 months of age. It takes 3.5 years for the prefrontal cortex to reach the same number of synapses as the auditory cortex (Huttenlocher and Dabholkar 1997) . Also, structural MRI studies have shown that in the first 2 months of life, gray , and temporal--parietal difference in SO 2 (e) for the 3 PMA groups. Mean differences and one standard error are reported and *indicates statistically significant differences between groups (P \ 0.05 in post hoc test). Figure 4 . CBF i , SO 2 , CBV, and CMRO 2i across regions and hemispheres in male and female age-matched groups. *indicates statistically significant difference between groups (P \ 0.05 in student t-test). T, temporal; P, parietal; F, frontal; R, right; and L, left.
matter grows faster in the parietal and occipital regions than in the frontal and prefrontal regions (Gilmore et al. 2007; Tzarouchi et al. 2009 ). When comparing the temporal and parietal regions, we found higher CBF i , CBV, and SO 2 in the former. Differences were not as large as between the temporal and frontal or the parietal and frontal regions but were still statistically significant. Our finding of higher CBF in the temporal than in the parietal cortex is in agreement with results from SPECT measurements in premature (Younkin et al. 1988 ) and older infants (Chiron et al. 1992 ). However, we did not measure any significant difference in CMRO 2i between these 2 regions. The temporal--parietal differences found in hemodynamic parameters but not in CMRO 2 may be due to differences in microvasculature in these 2 regions, which will affect hemoglobin parameters but not necessarily metabolism. On the contrary, Chugani et al. found that glucose metabolism was higher in the sensorimotor areas than in the temporal areas in newborns (Chugani et al. 1987; Kinnala et al. 1996; Chugani 1998) . This divergence may be due to the difference in gestational age between our population and the PET study population, or perhaps to the health conditions and/or the small number of infants enrolled in the PET study, or the mismatch in measurement locations between our study and the PET studies.
Another relatively small but important difference was between the left and right hemisphere. CBV, CBF i , and CMRO 2i were consistently higher in the right temporal and parietal regions than in the left while SO 2 differences did not reach significance. As discussed in the Introduction, left--right brain differences during development have been investigated with many techniques, but no clear answer has yet been found. This is in part due to the fact that the differences are small (Børch and Greisen 1998) , within the SNR of the technologies used, and may need a large population to reach significance. This is not always feasible in healthy infant populations with techniques, such as PET and MRI. Our safe noninvasive bedside approach allows us to measure a large number of infants while our automated rejection criteria enables us to discard bad data sets, reducing variance and increasing sensitivity. As a result, we could detect a 7--10% difference (P < 0.05) in blood flow, blood volume, and oxygen consumption between the left and right hemispheres. Our findings of right hemisphere dominance are in agreement with the ''Right-hemisphere conservatism'' theory (Geschwind and Galaburda 1985) . Because the right hemisphere develops earlier, its development is less subject to external influences than that of the left hemisphere. As a result, there is greater uniformity across individuals in those functions for which the right hemisphere is dominant. The delay in maturation of the left hemisphere may allow for a higher plasticity with functional stimulation, such as language exposure and motor movements (Dubois et al. 2008) . Moreover, in humans, as in animals, the right hemisphere sustains those functions necessary to the survival of the species, including visuospatial or emotional processes, which accounts for its earlier development (Geschwind and Galaburda 1985) . Compelling support for this theory has been provided by Sun et al. (2005 Sun et al. ( , 2006 , who found significant asymmetries of gene expression in embryos as early as 12 weeks gestational age. In particular, the transcription factor LMO4 gene is consistently more highly expressed in the right perisylvian cortex than in the left. LMO4 relates to the regulation of normal sensorimotor control (Huang et al. 2009 ), and its delayed expression in the left hemisphere may be responsible for the left lateralization of the sensorimotor control.
Several studies have reported earlier development of Broca's area and the planum temporale in the left than the right (Dubois et al. 2008 (Dubois et al. , 2010 Hill et al. 2010) . The location of our probe was more posterior, above the auditory cortex, and therefore, we have no measures of the left--right asymmetry of Broca's area and the planum temporale. Higher metabolism in the right temporal cortex is consistent with higher electrophysiological activity in the right for both pitch detection and discrimination measured in healthy preterm newborns (Mento et al. 2010) .
Another interesting result from these measurements is the consistently higher cerebral blood flow in newborn males than females in most cortical regions. Baenziger et al. (1994) also reported higher CBF in male than female infants. Using SPECT, they determined that premature males have significantly higher CBF than females. As in their study, the gender differences we found cannot be attributed to differences in physiologic parameters or activation state, which were similar in the 2 groups. The difference is reversed in adults, with cerebral blood flow higher in females than in males (Gur et al. 1982; Rodriguez et al. 1988; Gur RE and Gur RC 1990) . The higher blood flow that we measured in male premature and term newborns is of particular interest because male infants are more at risk for disability, handicap, and mortality than females (Brothwood et al. 1986; Elsme´n et al. 2004; Mohamed and Aly 2010) . In addition to higher blood flow, when comparing for gender differences, we found larger right--left asymmetry of CBF i in males than in females. No blood flow hemispheric asymmetry differences with gender have been reported in the literature. Morphological hemispheric asymmetries that are larger in males than in females have been reported in the past (De Lacoste et al. 1991) , and it has been suggested that they may be associated with differences in fetal testosterone levels affecting the development of spatial ability (Geschwind and Galaburda 1985) . However, the conflicting result has been reported in morphological hemispheric differences between males and females (Gilmore et al. 2007) .
In this study, we included very premature infants with no indication of brain injury on HUS or MRI and with normal neurological follow-up exams. Of these very premature infants, 4 had grade I GMH. Cerebral blood volume in these infants was significantly lower than in age-and GA-matched premature infants without grade I hemorrhage, but there was no significant differences in CBFi or CMRO2i. The reason for the decreased CBV is unclear. However, we verified that the regional and hemispheric asymmetries were maintained in these 4 infants. This may be not the case when more extensive brain injuries are present, and altered asymmetries may provide additional diagnostic tools in addition to the detection of abnormal oxygen metabolism and vascular parameters with injury (Grant et al. 2009; Verhagen et al. 2010) .
Since some of the regional differences we found are very subtle and within measurement errors, technological improvements are needed if this is to become a clinical tool to reliably detect asymmetries in individual subjects. Measurement reproducibility can be improved by implementing feedback on the quality of the coupling and the pressure between the optical probe and head surface. The use of more sophisticated mathematical models that take into account the head geometry Cerebral Cortex February 2013, V 23 N 2 345 will further reduce errors. The availability of additional channels will also improve data modeling and reduce errors.
In addition to reducing measurement errors, implementation of real-time feedback on data quality will guide repeated measures to reduce the frequency of discarded measures. Finally, full integration of the FDNIRS and DCS systems will reduce acquisition time, by either reducing time at the bedside or allowing monitoring of additional brain regions.
Conclusion
Based on measurements with FDNIRS and DCS, we have provided for the first time a quantitative description of hemispheric asymmetries and regional differences in cerebral oxygen metabolism, cerebral blood flow, and cerebral blood volume in premature and term newborns. We found regional differences consistent with PET studies, with metabolism substantially higher in the temporal and parietal than in the frontal region. We also found metabolism higher in the right than in the left hemisphere. This supports current theories about the delay in maturation of the left hemisphere in newborns allowing for higher plasticity with environmental stimulation, such as language exposure and motor skills. We observed consistently higher CBF i in males than in females, which may be related to the greater vulnerability of newborn males with respect to females.
Establishing the baseline of hemispheric and regional differences in preterm and term neonates will be valuable in determining regional and functional maturation during development, especially as a number of developmental disorders, including schizophrenia, autism, and dyslexia, seem to be related to the abnormal development of human cerebral cortex.
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